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a b s t r a c t

We describe and apply a field-based approach for calculating the bulk strength of a heterogeneous
material to a crustal-scale shear zone defining the margin of the Ma Parry Sound domain in the Grenville
Province of southeastern Ontario. Using a numerical method, we calculate bulk strength, defined as
effective viscosity, as the ratio between the surface traction needed to deform a square block in simple
shear and the velocity gradient across that block. We use natural shear zone geometries to define the
internal block structure and assign internal relative viscosities based primarily on textural criteria. The
margin of the Parry Sound domain developed into the km-scale Twelve Mile Bay shear zone, accom-
modating several tens of km of transport, while the domain interior remained rigid. Fracturing and fluid
infiltration drove development of an amphibolite facies meter-scale shear zone network that evolved
into the Twelve Mile Bay structure. We analyzed three sites across the w5 km-wide strain gradient from
near the granulitic domain to the large scale shear zone. The rocks at the shear zone margin weakened by
approximately 30%. Those in the core weakened by at least 77% and probably by an order of magnitude.
These values lie between but differ substantively from the isostress and isostrain-rate bounds, indicating
that a numerical approach such as presented here markedly improves the accuracy of bulk strength
calculations.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Spatial and temporal strength variation throughout the crust
influences geodynamic processes as disparate as orogenic topo-
graphic evolution (e.g., Dahlen et al., 1984; Beaumont et al., 2001;
Groome et al., 2008) and post-glacial rebound (Larsen et al., 2005;
Wu and Mazzotti, 2007). In addition, and more directly, strength
variation affects or controls the strain distribution in a region. Our
understanding of crustal strength derives in large part from three
sources: experimental deformation, geodesy, and numerical and
analogue modeling. From these sources, some general pictures of
crustal strength emerge (e.g., Kohlstedt et al., 1995; Handy et al.,
2007; Bürgmann and Dresen, 2008), but considerable uncertainty
remains about the rheological structure in natural orogens (cf., for
example, Jackson, 2002; Handy and Brun, 2004). Complicating
a general description of rheological structure, processes such as
metamorphism, melting and magma migration, fluid infiltration,
and deformation all operate during orogenesis. Experimental and
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theoretical studies can constrain the rheological effects of some of
these processes, but thorough understanding requires field-based
investigation of synorogenic strength changes. In this contribution,
we employ a numerical method for calculating bulk strength based
on natural structures, documenting an effective viscosity drop of
approximately an order of magnitude at the margins of a granulitic
domain where it developed into an upper amphibolite facies km-
scale shear zone. Interpretations of spatial strength variation exist
(e.g., Houseman et al., 2008), but we are not aware of any field-
based study documenting the temporal strength change associated
with the development of a shear zone network.
2. Background

2.1. Controls on and calculations of rock strength

Rock strength follows many definitions depending on the
material type (e.g., viscous, plastic, elastic, and combinations
thereof). We frame this study around mechanics in the middle and
lower orogenic crust, well below the frictional–viscous transition,
so we define strength as effective viscosity: the instantaneous ratio
between stress and strain rate. The dominant factors controlling the
bulk effective viscosity of a rock include mineralogy, phase or unit
geometry (e.g., Handy, 1990, 1994; Ji, 2004; Takeda and Griera,
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2006), fluid and/or melt content (e.g., Holl et al., 1997; Brown and
Solar, 2000; Evans, 2005; Rosenberg and Handy, 2005), and
temperature. In general, weaker minerals, a higher degree of weak-
phase interconnectivity, higher fluid or melt content, and higher
temperatures reduce strength.

The strength of polyphase materials lies between the isostress
(Reuss, 1929) and isostrain-rate (Voigt, 1928) bounds (e.g., Handy,
1990, 1994; Handy et al., 1999; Tullis et al., 1991; Bons and Urai,
1994; Ji, 2004). The former describes a state in which all phases
experience the same stress, usually associated with strong inclu-
sions in a softer matrix. The latter describes a state in which all
phases deform at the same rate, usually associated with soft
inclusions in a stronger matrix. Handy (1990) described two char-
acteristic microstructures for ductilely deforming polyphase rocks:
a load-bearing framework and interconnected weak layers. The
latter is markedly weaker, lying close to the isostress bound, and
can be stable at high strain. A load-bearing framework is stronger,
lying near the isostrain-rate bound, but generally unstable and can
evolve into the geometrically more stable interconnected weak
layer geometry either mechanically (Handy, 1994; Lonka et al.,
1998; Handy et al., 1999), or with the presence of even a small
percentage of melt (Rosenberg and Handy, 2005). Calculation of the
theoretical isostress and isostrain-rate bounds simply requires
knowledge of the strengths of the individual phases and their
volume fraction; these bounding definitions take no explicit
account of the phase distribution. But because the phase distribu-
tion controls where between the strength bounds the bulk strength
lies, it is a fundamental determinant of rock strength. Ji (2004)
modified the isostress and isostrain-rate formulations to include
a parameter, J, to account for the phase geometry. Similarly, Bons
and Urai (1994) suggested that the distance between the bounds is
proportionally constant, relative to volume fraction, for a given
microstructure that they defined as related to the percolation
threshold. Unfortunately, no robust a priori method exists to derive
either J or the percolation threshold for complex natural structures,
limiting the value of those approximations. Treagus (2002) calcu-
lated the bulk viscosity of two-phase mixtures with various ideal-
ized geometries based on conglomerates and concluded that both
volume fraction and shape fabric are critical controls on the
aggregate strength. Her results, however, which are based on an
inclusion-matrix structure, do not directly apply to more general
structural geometries in naturally deformed rocks. Tullis et al.
(1991) developed a numerical approach to calculate bulk flow
properties based on digitizing the phase or unit distribution and
providing a flow law for each component. Their approach works
well if the individual flow laws are well-characterized, but it is also
a time-consuming methodology. To date, analytical approaches to
calculating bulk rock strength are too imprecise for most situations,
which therefore require a numerical approach such as used by
Tullis et al. (1991) or the one described below. Both numerical and
analytical approaches require knowing the individual phase prop-
erties accurately.

2.2. Magnitude of weakening

Rocks can weaken either uniformly or through the development
of localized high strain zones. Both mechanisms can develop for
similar reasons, but local feedback and rate relationships influence
which dominates at which scale. In the upper crust, faults appear to
be up to five to ten times weaker than their host rocks (Zoback,
2000). Rutter (1999) has postulated up to a 50% decrease in
strength at the regional scale due to shear zone development.
Parallel to the factors that control rock strength, the dominant
factors that affect the degree of strength change include meta-
morphic reactions (e.g., Rubie, 1983; Wintsch et al., 1995; Groome
et al., 2006; Upton and Craw, 2008), structural or textural evolution
(e.g., Handy, 1994; Johnson et al., 2004), fluid flux, melting, and
temperature changes. Of these factors, melting induces the greatest
strength change, as melt viscosities may be up to 14 orders of
magnitude lower than their solid counterparts (Cruden, 1990;
Pinkerton and Stevenson, 1992). During most tectonism, the
strength drop is significantly less, as the deforming rocks would
likely host only a small melt percentage, but still could be more
than an order of magnitude (Rosenberg and Handy, 2005).

Using the strengths of the constituent phases in addition to
analytical flow laws generated for polyphase materials and
mylonites (e.g., Jordan, 1987; Hueckel et al., 1994; Handy, 1994;
Handy et al., 1999; Treagus, 2002; Ji et al., 2004), some studies
estimate the strength change during shear zone formation, but
with little direct application to natural systems. For example, based
on the analytical equations of Handy et al. (1999), an analysis by
Park et al. (2006) implies strength drops of approximately 25% and
70% for nonmica- and mica-bearing weak layers, respectively.
Modeling viscoelastic deformation of strong- and weak-phase
interconnected geometries, Takeda and Griera (2006) track changes
in bulk effective viscosity in a shearing model block. They calculate
little weakening in models in which the initial structure includes an
interconnected weak layer. Weakening up to 50% occurs as
a strong-phase-supporting framework evolves towards highly
elongate weak layers.

Experimental studies provide more robust quantitative data but
trade that improvement for greater extrapolations to natural
conditions and larger scales and therefore greater uncertainty
under those conditions. Experiments investigating strain weak-
ening (e.g., Jordan, 1987; Dell’Angelo and Tullis, 1996; Ross and
Wilks, 1996; Rybacki et al., 2003; Dimanov and Dresen, 2005;
Bystricky et al., 2006; Holyoke and Tullis, 2006) have produced
a range of results. For example, deformation of an orthopyroxene
granulite (Ross and Wilks, 1996) and an aplite (Dell’Angelo and
Tullis, 1996) yielded a range of 15–50% weakening between the
original material and the development of quasi-steady-state flow.
To evaluate the role of developing an interconnected weak layer
from a load-bearing framework, Holyoke and Tullis (2006)
deformed a quartzofeldspathic gneiss and observed strength drops
of 30–60%. The degree of strength drop varied with temperature
and strain rate.

2.3. Geologic setting

The southwestern Canadian Grenville Province (Fig. 1), along the
shores of Georgian Bay in Lake Huron, represents the deeply eroded
(to depths equivalent to w1.0–1.3 GPa) roots of an orogenic belt
with a size and tectonometamorphic history comparable to the
modern Himalayan orogen. In the Georgian Bay region, km-scale
shear zones separate lithotectonic domains within the allochtho-
nous portion of the orogen (Culshaw et al., 1997, 2004). The Gren-
ville orogen formed between approximately 1190 Ma and 980 Ma
(Rivers, 1997) and consists of a complex arrangement of tectonic
blocks along its several thousand kilometers of length. The Parry
Sound domain, which lies within the Central Gneiss Belt of Ontario,
comprises metasediments, arc-related mafic through felsic
orthogneisses, and anorthosite originally formed ca. 1400–1160 Ma
(Culshaw et al., 1997). Internal assembly of the tectonic stratigraphy
in the Parry Sound domain and associated granulite facies meta-
morphism occurred ca. 1160 Ma (van Breeman et al., 1986; Wodicka
et al., 2000). The Parry Sound domain as a whole is an allochtho-
nous nappe and was emplaced along the kms-wide Twelve Mile
Bay shear zone (Davidson et al., 1982; Davidson, 1984; Culshaw
et al., 1997) in probably two stages, with the second stage as late as
1050 Ma (Krogh and Kwok, 2005).



Fig. 1. Geology of study area. (a) The Grenville orogen in eastern North America. Box marks B. (b) Domains of the Central Gneiss Belt germane to this study. Box marks C. (c) Geologic
map of the southwestern Parry Sound domain and adjacent domains. After Culshaw and Gerbi (2009). M, D, B – Matches, Dogleg, and Boomerang Islands. Shawanaga domain: oS,
sS, dS – Ojibway and Sand Bay gneiss associations, Dillion schist. Parry Sound domain: bPS, iPS, tPS, tp – basal, interior Parry Sound domains, Twelve Mile Bay assemblage, and
transposed gneiss derived from Parry sound domain (Culshaw and Gerbi, 2009). Moon River domain: bKMR, MRi1-i2 – Blackstone gneiss association, interior subdivisions of Moon
River domain. Go Home domain: uGH, lGH – upper, lower divisions. lPSSZ – lithological boundary within lower strand of Parry Sound shear zone. uPSSZ – lithological boundary at
upper margin of upper strand of Pasrry Sound shear zone. TMBSZ – Twelve Mile Bay shear zone. PB – inboard margin of transposed gneiss. RRB – boundary of substantial
retrogression in Parry Sound domain. Gray shaded areas represent anorthosite.
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This emplacement caused the development of widespread
outcrop-scale shear zones along the domain margins. The shear
zones developed in conjunction with a retrograde transition from
granulite to upper amphibolite facies assemblages (Wodicka et al.,
2000; Culshaw et al., 2004; Culshaw and Gerbi, 2009). The trans-
formation progresses from relict granulite facies textures and
mineralogy in the center of the domain to fully transposed gneiss of
the Twelve Mile Bay shear zone at the contact with the underlying
Go Home domain. The progressive weakening occurs in the
following sequence (Fig. 2): (1) Due to high fluid pressure, the
granulite facies orthogneisses developed fractures, which filled
with pegmatites and fluids. (2) Fluids derived from the fractures



Fig. 2. Stages of development of the transposed fabric associated with the Twelve Mile
Bay shear zone. (a) Fractures, most in a rectilinear pattern, fill with pegmatites and
hydrate fracture walls. (b) Hydrated, weaker rock adjacent to pegmatite begins to shear
(‘‘s.z.’’). (c) Shear zones widen and coalesce, isolating blocks of undeformed or weakly
deformed protolith (‘‘relict panel’’).
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Fig. 3. Geometrical representation of dimensionless bulk effective viscosity calculation
method. Black square represents the starting geometry. We map the natural shear zone
network geometry, with viscosity variations, onto the square, which we then shear at
a prescribed velocity gradient. Model output includes the traction needed to perform
the deformation. We then calculate the bulk viscosity using Eq. (1).
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infiltrated the host rock, weakening it through both the presence of
fluids and metasomatic reactions. (3) Shear zones nucleated on the
weak planes, eventually coalescing into networks around relict
granulitic panels. (4) Closer to the domain boundary, shear zones
widened and increasingly linked; in some locations transposition
and retrogression are complete, with no granulite relicts remaining.
This sequence suggests that strain localization along the boundary
of the Parry Sound domain was caused by syntectonic weakening
driven first by fluid infiltration then by textural development
through shear zone linking. The exact processes of localization (cf.
Carreras, 2001; Montesi and Zuber, 2002; Jessell et al., 2009) are
under active investigation, but do not affect the results of this work,
as our calculations rely on the final deformation state rather than its
temporal development.

3. Strength calculations

3.1. Method

For the purposes of this study, we want to document the change
in decameter-scale bulk strength across a kilometers-long gradient.
Although the methods are scale-independent, we focus on features
mappable in the field. Our calculations follow two steps: first, map
the natural geometry; second, perform a numerical calculation to
determine bulk strength. As justified below, we assume simple
shear, which allows us to use the following relationship:

sxy ¼ h
vUx

vy
(1)

where s is shear stress, h is bulk effective viscosity, U is velocity and
x and y define the orthogonal spatial reference frame. Mapping
criteria depend on the system under study. For this project, we
defined two units: relict granulite and transposed fabric.

All calculations of bulk effective viscosity presented here are
based on the numerical deformation of a two-dimensional square
using a dimensionless finite element method (Fig. 3). Elle, a publicly
available microdynamics code (Bons et al., 2008), transforms a pixel-
based structure or microstructure, including the phase viscosities, to
a form usable by Basil, a dimensionless viscous deformation code
(Barr and Houseman, 1996; Houseman et al., 2008). The horizontal
and vertical boundaries are of unit length. In keeping with the
dimensionless nature of the calculations, rather than prescribe
absolute viscosities, we use relative viscosities, whose values we
obtain by the method described below. Based on a coordinate origin
at the lower left corner of the model block, we deform the initial
square in simple shear for one time step at a dimensionless velocity
of �0.5 along y¼ 1 and 0.5 along y¼ 0, producing a sinistral shear
sense (Fig. 3). Because we seek the effective viscosity for the given
natural structures, we run for only a single time step and do not
investigate texture evolution. Using Equation (1) and realizing that
the modeled velocity gradient is unity, effective viscosity becomes
numerically equivalent to the upper and lower boundary shear
traction, sxy, required to generate the prescribed strain rate. We
assume that homogeneous deformation sufficiently approximates
the bulk behavior of the system, and tests indicate that this is an
appropriate approximation for the geometries used here. For
perfectly homogeneous deformation, the traction along the top and
bottom boundaries would be equal; in our model runs, they differ up
to a few percent. In the calculations, we use the average of the
traction along the upper and lower boundaries.

We make two approximations, neither of which substantively
affects the results. First, we approximate the strain as simple shear
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perpendicular to view direction. Doubtless, some degree of strain
out of the mapped plan exists, but the block geometry and hinge
lines at the shear zone margins normal to the inferred transport
direction suggest that simple shear dominated. If a small compo-
nent of pure shear exists, our calculations would represent
a minimum strength. Second, the numerical calculations are
predicated on the approximation that we can identify an effective
viscosity structure for a given point in time. A corollary approxi-
mation is that all fabric mapped as transposed, or ‘‘new’’, exhibited
the same viscosity and was simultaneously active. Jessell et al.
(2005, 2009), among others, have shown that this is not strictly true
in many cases and that sites of localization vary during deforma-
tion. If parts of the mapped shear zone network were inactive, our
calculations again represent a minimum strength. Nevertheless, we
assert that this approximation does not substantially affect the
results for the following reasons: (1) because all shear zones in an
area appear to exhibit the same textures and mineral assemblages,
inactive shear zones would still be substantially weaker than the
relict panels, (2) we do not find evidence for cross-cutting rela-
tionships between shear zones, implying that all shear activity was
broadly coeval, and (3) calculated results are not sensitive to small
changes in the areal proportion of shear zones. In addition, the very
high strain gradients at the margin of the shear zones (e.g., Fig. 2)
justify using a two-phase mixture, shear zones and panels, rather
than a more complicated geometry that would differentiate shear
zone cores from flanks.

3.2. Estimating viscosity contrast

Several methods exist for estimating relative viscosities at the
outcrop scale, including foliation refraction (Treagus, 1999) and
boudinage geometry (Treagus and Lan, 2003, 2004). In addition, for
a polyphase material comprising two materials of different strengths
wherein the strong phase is isolated, we can expect that the strain
ratio between the two materials will be the same as the viscosity
contrast because the stress field is approximately uniform in such
a geometry (e.g., Handy, 1994). If materials with different strengths
experience the same stress for the same duration, they will deform at
to a degree proportional to the strength contrast. However, due to the
difficulty quantifying strain and the lack of boudinage and foliation
refraction, we cannot apply these methods to most of the Parry Sound
rocks. We therefore base our determination of viscosity contrast on
a more qualitative approach. Numerical models (Fig. 4 and see also
Jessell et al., 2009) illustrate that effective viscosity contrasts of
greater than an order of magnitude yield negligible strain in the hard
phase or unit. Although the degree of phase strain depends on the
bulk strain, for places where ‘‘high’’ strain zones (e.g., Fig. 5a)
surround un- to weakly deformed panels, we can infer viscosity
contrasts of at least an order of magnitude. More than two orders of
Fig. 4. Comparison of shape changes with viscosity contrast. We deformed the original shap
viscosity contrasts between the shape and the surrounding matrix. Deformation of the obje
strength objects for the same finite strain yield a qualitative framework for estimating viscos
magnitude difference renders a panel effectively rigid. Greater
deformation (Fig. 5b) in the panels yields lower viscosity contrasts,
assigned on a case-by-case basis.

Deformation in the shear zones was accommodated largely by
dislocation creep, implying that the rock behaves as a power-law
material. Although modeling in Elle and Basil is possible
(Houseman et al., 2008; Jessell et al., 2009), we choose to restrict
ourselves to the effective viscosity because (1) we are not investi-
gating any time-dependent behavior so effective viscosity is an
appropriate representation of strength contrast, (3) use of a power-
law formulation would introduce additional uncertainty because
the flow law parameters are not well known; we can only infer
relative contrasts from the field geometries, and (3) due to the
hydration inducing the weakening, the flow laws for the panels and
shear zones would differ, requiring us to develop multiple flow
laws, again introducing greater uncertainty. Jessell et al. (2009)
acknowledge the challenge in using localization geometry to infer
paleo-rheology, as non-linear and linear viscous materials with
appropriate parameters can produce similar results. The approach
presented here does not speak to linear vs. non-linear behavior, but
rather allows access to different paleo-rheological information.

3.3. Site results

We have quantified weakening at three sites associated with the
Twelve Mile Bay shear zone (Fig. 1). The first site, Matches Island,
represents the initial stages of shear zone development, and two
unnamed islands, informally referred to here as Dogleg and
Boomerang Islands, represent the edge of the shear zone core.

3.3.1. Matches Island
This islet (Fig. 6a) lies near the margin of the extension of the

Twelve Mile Bay shear zone within the unretrogressed granulitic
core of the Parry Sound domain and consists of two lithologic units:
Unit 1 is a meter-scale layered mafic and felsic orthogneiss, and Unit
2 is an intermediate gneiss with pink granitic layers. Unit 2 retains no
field evidence of its granulitic heritage and comprises an amphib-
olite facies plagioclase–quartz–hornblende–biotite assemblage.
Because strain in Unit 2 did not manifest itself in discrete shear
zones, but rather appears to have deformed more homogeneously,
Unit 2 is not appropriate for the calculations presented here. We
therefore concentrate on Unit 1, which is the dominant lithology in
the area surrounding Matches Island. Unit 1 contains relict granulite
textures and mineralogy in the undeformed panels between the
shear zones. In places in the mafic panels, hornblende and biotite
exhibit reaction textures around pyroxene, but original plagioclase–
orthopyroxene–clinopyroxene patches persist throughout. The
granitic layers contain plagioclase–alkali feldspar–quartz–horn-
blende–biotite assemblages in both the panels and shear zones. The
e under dextral simple shear using Elle and Basil software packages for three different
ct necessarily depends on bulk finite strain, but the comparisons among the different
ity contrast. For contrasts greater than 10, deformation of the strong object is minimal.



Fig. 5. Examples of panel types. (a) Undeformed panels separated by shear zones
normal to granulitic layering on Matches Island. Dotted lines demarcate shear zones.
(b) Sheared panel (within dashed lines) between zones of fully transposed gneiss on
Dogleg Island. Solid lines are foliation form lines.

C. Gerbi et al. / Journal of Structural Geology 32 (2010) 107–117112
shear zones, nearly all of which are dextral, in the north and west
portions of Unit 1 trend northwest–southeast and are poorly con-
nected. Trends swing anticlockwise towards the east and increase in
number and connectivity in the center of the island.

In order to base our calculations on a representative geometry,
we selected an area within Unit 1 that includes both strongly and
weakly interconnected regions. We constructed the viscosity, or
shear zone, geometry (Fig. 7a) from a dGPS map constructed normal
to the transport direction. In the model map, shear zones cover 19%
of the area of Unit 1. To cover the range of possible variation, we
calculated the bulk effective viscosity using viscosity contrasts of 2,
5, 10, and 50 between the shear zones and panels (Table 1).

Results (Fig. 8a) over that viscosity contrast range indicate
strength drops from 11% to 48% relative to the panel strength. Here,
we take panel strength as the original strength of the unit, given
that relict granulite textures, including lineations, and assemblages
persist and that there is no evidence of amphibolite facies defor-
mation within the panels that would suggest that the panels
somehow weakened prior to or synchronously with shear zone
network development. For all viscosity contrasts, the calculated
bulk weakening lies approximately halfway between the isostress
and isostrain-rate bounds, with the actual position varying with
viscosity contrast.

To more accurately determine the degree of weakening of the
system, we must better constrain the viscosity contrast between
panels and shear zones. The lack of deformation in the panels
adjacent to shear zones with shear strains as high as 20 (calculated
using dGPS measurements and the a–a0 method of Ramsay and
Huber, 1987) suggest that the panels were effectively rigid relative
to the shear zones. Therefore, as a conservative choice, we base
further discussion on a viscosity contrast of 10, chosen as a point at
which little deformation occurs in the strong material (e.g., Jessell
et al., 2009) and therefore a bulk weakening of 31% relative to the
original rock (Table 1). The shear zones could reasonably have been
more than an order of magnitude weaker than the panels, so we
consider a bulk weakening of 30% as a minimum for this site. To
determine how representative the selected area is, we also per-
formed calculations for a subset of the selected area and an area
further north on the island. Results from those calculations indicate
that some heterogeneity exists but is relatively minor.

3.3.2. Dogleg and Boomerang Islands
These two islets lie in comparable structural positions north of the

Twelve Mile Bay shear zone core, but well within the high strain
portion. Both consist of wider shear zones and higher proportions of
transposed gneiss than at Matches Island (Fig. 6b,c). Nevertheless,
many panels preserve granulite textures. Transposed zones are more
linked that at Matches Island, with relict panels generally more
lozenge-shaped and less rectilinear. Some cm-scale shear zones cut
across panels. The granulitic protolith was not identical to that on
Matches Island in that the meter-scale layering was absent, but the
lithologies are generally similar. Margins of the panels exhibit high
strain gradients, similar to those on Matches Island. Units on the
islands are easily divisible into transposed and untransposed gneiss.
Because the features are larger than on Matches, we mapped repre-
sentative areas and geometries using aerial photographs whose plane
contained the transport direction and was perpendicular to layering.

Because of their similar structural position and the similar bulk
strengths, we consider Boomerang and Dogleg Islands together.
Shear zone areas for Dogleg and Boomerang Islands are 33% and 43%,
respectively. This difference in coverage combined with the different
shear zone geometry (Fig. 7b,c) yields similar strength changes
(Table 1): for viscosity contrasts of 2, 5, 10, and 50, the bulk weak-
ening averages to 25%, 54%, 70%, and 90% relative to the panels at
those sites (Fig. 8). The proportional distance of the calculated
strength between the isostress and isostrain-rate bounds changes
markedly with viscosity contrast and varies between islands
(Table 2). Although their bulk strengths are similar, the proportional
difference between the bounds varies from 40% to 14% for
Boomerang Island and 22% to 8% for Dogleg Island.

We have no definitive strain markers to aid in determining the
appropriate panel-shear zone viscosity contrast. Given that in many
locations we cannot trace units across the meter-scale shear zones, we
posit shear strains greater than 10, in accordance with estimates from
Matches Island. Shear strain within deformed panels, measured using
the shear angle and assuming original orthogonality between panel
and shear zone (cf. Twiss and Moores, 1992), is in general less than 2
(e.g., Fig. 5b). Thus, deformation observed in the panels is consistent
with that of a viscosity contrast with the shear zones of no more than
10, and probablycloser to 5. Our preferred estimate of bulk weakening
relative to panel strength is therefore approximately 50%.

For a more rigorous treatment of Boomerang Island we assigned
a greater viscosity to panels in the southern half of the island, as
suggested by generally greater preservation of granulite textures
and more rectilinear panels there. With a viscosity contrast of 10 for
the southern panels and 5 for the northern panels, the bulk weak-
ening was nearly identical to that on Dogleg Island calculated using
a viscosity contrast of 5. The variation in panel strain on Boomerang
Island, where the stronger panels resemble those on Matches Island,
suggests that deformed panels both there and at Dogleg Island were



Fig. 6. Islands analyzed for bulk weakening. See Fig. 7 for viscosity maps, whose coverages are marked by boxes. We mapped through the water or extrapolated shear zones where
viscosity maps do not coincide with land. (a) Matches Island. (b) Boomerang Island; light gray delineates shear zones. (c) Dogleg Island; dark areas are shear zones.
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weaker than those on Matches Island. Yet until we quantify the
relative strengths of the deformed panels to those on Matches
Island, we cannot compare the results and produce an estimate for
weakening across the full Twelve Mile Bay shear zone structure.

3.4. Transect results

The magnitude of weakening due to structural and metamorphic
evolution at a specific site can be valuable information, and in the
case of Matches Island, we have documented how at least a portion
of that structure weakened by at least 30%. For the purposes of this
contribution, however, we are concerned with the weakening into
the domain-bounding Twelve Mile Bay shear zone. The site analysis
presented above for Dogleg and Boomerang Islands cannot have
regional relevance without identifying the relationship between the
panel strength during shear zone formation and the original, gran-
ulite panel strength.

Structural and petrological evidence strongly suggests that the
rocks of the Twelve Mile Bay shear zone derived from the Parry Sound
interior. As discussed above, many of the panels near the Twelve Mile
Bay shear zone deformed moderately but did not approach full
transposition, whereas the panels at Matches remained rigid. Thus,
the overall strength drop from the granulitic Parry Sound domain
rocks is larger than that calculated for Dogleg or Boomerang Islands



Fig. 7. Viscosity maps of the three study sites, illustrating the pattern of weak and strong zones used in the calculation of bulk strength. We varied the viscosities to test the
sensitivity of the results to the viscosity contrast (see Table 1 for values used). White represents the lower viscosity shear zones; black, the higher viscosity panels. Stepped, rather
than smooth, boundaries are due to model digitization.
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alone. If we assign a somewhat conservative average factor of two
strength difference between Matches Island panels (i.e., original
granulite) and those within the margins of the Twelve Mile Bay shear
zone, then the bulk strength drop between the granulitic protolith
(i.e., panels at Matches Island) and the Twelve Mile Bay shear zone
margins approaches an order of magnitude, at 77% (Table 3). In the
core of the Twelve Mile Bay shear zone, more of the gneiss is trans-
posed and fewer panels are undeformed, so this strength drop
represents a minimum value for the viscosity factors used.

Alternatively, we could make a simple, first-order assumption
that the shear zones preserved on Matches Island are the same
strength as the transposed gneiss of the Twelve Mile Bay shear zone
core. As the panels on Matches Island are essentially undeformed,
we could therefore assert that the Twelve Mile Bay shear zone is at
least an order of magnitude weaker than its granulitic protolith.
This interpretation is consistent with our site-specific calculations,
implying that the outcrop-scale shear zones were indeed of
comparable strength across the study area. We have not accounted
for any possible temperature difference, but indications are that
a thermal gradient sufficiently large to affect the relative strength
did not exist (Wodicka et al., 2000; Marsh et al., 2009).

3.5. Sensitivity

The two largest uncertainties in the calculation of weakening
across the transect are the viscosity contrast between panels and
shear zones on Boomerang and Dogleg Islands and the viscosity
contrast between panels on Matches and Boomerang and Dogleg
Islands. In the analysis above, we suggest that the deformation in
the panels within the Twelve Mile Bay shear zone core resulted
from them being weaker than the panels on Matches. An unlikely
alternative is that the panels are of comparable strength and that
Table 1
Bulk weakening with varying viscosity contrast at each study site.

Matches Island UTM (NAD83) 17T
19% shear zones by area E567539 N4999439
Panel-shear zone viscosity contrast 2 5 10 50
% weakening relative to panel strength 12% 23% 31% 48%

Dogleg Island UTM (NAD83) 17T
33% shear zones by area E570140 N4995099
Panel-shear zone viscosity contrast 2 5 10 50
% weakening relative to panel strength 23% 51% 68% 89%

Boomerang Island UTM (NAD83) 17T
43% shear zones by area E568131 N4995980
Panel-shear zone viscosity contrast 2 5 10 50
% weakening relative to panel strength 28% 56% 72% 91%
the higher bulk strains in the core caused higher strain in those
panels. Although the petrological observation that hydration and
amphibolite facies metamorphism went further towards comple-
tion approaching the Twelve Mile Bay shear zone supports our
preferred interpretation, we cannot rule out the possibility that
panels retained similar strengths throughout. In the other direc-
tion, panel weakening by much more than a factor of two would
likely yield only a small viscosity contrast between the panels and
the networked shear zones, contrary to the indications of the
developed structures. Therefore, given that the panels exist into the
Twelve Mile Bay shear zone and that the original lithologies were
similar, we infer that deformed panels on Dogleg and Boomerang
Islands are approximately a factor of two, and almost certainly not
more than a factor of five, weaker than those on Matches Island.

We base our estimation of the viscosity contrast between panels
and shear zones on Boomerang and Dogleg Islands on two measures:
comparing relative shear strains in the panels and a qualitative visual
observation of strain (Fig. 5). These measures are not well constrained,
and we suggest that the viscosity contrast could reasonably be
considered to lie between 2 and 10. This range affects our aggregate
results by w20% at our preferred strength contrast of two between
Matches and Boomerang–Dogleg Island panels (Table 3).

Considering both significant uncertainties (Table 3), we suggest
that a minimum weakening across the transect is 46%, for the case
where the panels inall locations are the same strength. For a case of ten
times weaker panels, coupled with a panel-shear zone viscosity
contrast of ten, weakening could be as much as 97%, or nearly two
orders of magnitude. We do not see either combination of factors as
reasonable, however, given the geometrical and petrological obser-
vations. Our suggested weakening value, 77%, lies near the center of
the range we considered (Table 3). Recalling that the analyzed sites are
not within the core of the Twelve Mile Bay shear zone, we conclude
that the Twelve Mile Bay shear zone core approached or exceeded an
order of magnitudeweakening relative to its protolith. Further support
for the calculated strength drop lies in the first-order observation that
the interior Parry Sound domain remained undeformed during the
long transport along the Twelve Mile Bay shear zone.

4. Discussion

4.1. Magnitude of bulk weakening along Parry Sound domain
margin compared to other weakening processes

The weakening we document as a result of tectonism and
metamorphism along the Twelve Mile Bay shear zone is greater
than any of the processes, with the exception of melting, discussed
in Section 2.2. We attribute this first to the fact that our calculations
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Fig. 8. (a) Degree of bulk weakening relative to local panel strength as a function of viscosity contrast between panels and shear zones for the three study sites. (b–d) Comparison of
numerically calculated weakening with isostress and isostrain-rate bounds for each studied location.
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apply to weakening across a single structure rather than the
aggregate regional strength. In experiments, such as those by
Holyoke and Tullis (2006), only bulk strength, combining the weak
and strong components, is measurable. Second, the site we
analyzed was a major crustal shear zone and therefore must have
undergone significant weakening in order to develop. So our results
are not surprising; rather, they demonstrate that strength changes
due to hydration-induced metamorphic and textural changes can
be substantial. Nevertheless, such weakening does not approach
that possible due to melting.

We have considered strength changes over time, during the
development of the Twelve Mile Bay shear zone, with the result
being a spatial strength variation of approximately an order of
magnitude. This scale of spatial variation is in good agreement with
that of Houseman et al. (2008) and Treagus (1999). Houseman et al.
(2008), who investigated several shear zones in the Sierra Nevada
at centimeter, meter, and kilometer scales, suggested that an order
of magnitude or slightly more is a reasonable upper limit for the
effective viscosity contrasts there. Treagus (1999), based on her
Table 2
Proportional distance of numerically calculated strength dropa between isostress
and isostrain-rate boundsb.

Viscosity contrast between panel and shear zone

2 5 10 50

Matches Is. 0.51 0.53 0.53 0.47
Dogleg Is. 0.22 0.19 0.15 0.08
Boomerang Is. 0.40 0.35 0.28 0.14

a Using the results shown in Table 1.
b A value of 1 represents the isostrain-rate bound; 0 represents the isostress

bound.
evaluation of cleavage refraction, suggested that effective viscosity
variation between stratigraphic layers does not typically exceed an
order of magnitude.

Throughout the viscous portion of the crust, in the absence of melt,
temperature is usually considered as the largest control on strength.
For typical flow laws (e.g., Hirth et al., 2001; Rybacki et al., 2006),
a temperature change from 550 to 700 �C at a pressure of 0.8 GPa
yields an effective viscosity change of 1–3 orders of magnitude. At the
low end, the values are comparable to the results of this study.
Considering that weakening due to textural and metamorphic
changes does not require any long-distance mass or heat transfer to
operate, it can rival or exceed the impact of temperature change at
certain locations within an orogen. Away from the Twelve Mile Bay
shear zone core, across a transect of at least 5 km, the degree of
weakening diminishes towards the interior Parry Sound domain. We
do not have sufficient measurements to describe that gradient, but
given the analysis of Matches Island, which lies near the border of
Twelve Mile Bay shear zone influence we infer the weakening to be
greater than 30% across much of that distance.

4.2. Affect on crustal rheology

Many have long recognized the influence of strength variation on
orogen development (e.g., Harry et al., 1995). Recent numerical
studies have better quantified the impact of both temporal and
spatial strength variation induced by structural, anatectic, and
metamorphic processes (e.g., Beaumont et al., 2001; Culshaw et al.,
2006; Jamieson et al., 2007; Groome et al., 2008). The effect is
comparable to that of focused erosion driving advective mass
transfer and accompanying thermal weakening (Zeitler et al., 2001;
Koons et al., 2003; Barker, 2007), but occurs under different tectonic



Table 3
Bulk weakening on Boomerang and Dogleg Islands relative to panels on Matches
Island for different viscosity contrasts.

Panel-shear zone viscosity
contrast on Dogleg and
Boomerang Islands

2 5 10

Viscosity contrast
between panels on
Matches Island and
those on Dogleg and
Boomerang Islands

1 25% 54% 70%
2 63% 77% 85%
5 85% 91% 94%

10 93% 95% 97%
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conditions. Whereas the boundary conditions related to focused
erosion are rooted in fairly well-constrained data, the magnitude of
structural-metamorphic strength variation used in the models is
somewhat more speculative. Nevertheless, orogen-scale numerical
models representative of the region surrounding the Parry Sound
domain (Jamieson et al., 2007) replicate the first-order geologic
features of the Parry Sound region well by using a crust with initial
lateral strength variation. In comparison, our results applied at the
orogen scale would likely affect second-order features.

4.3. Comparison between numerical method and
theoretical bounds

The results presented above rely on numerical calculations of
bulk strength of a two-phase material. Comparing the results with
the analytical solutions of the isostrain-rate and isostress bounds
(Fig. 8, Table 2) demonstrates the importance of the phase
arrangement and viscosity contrast in controlling bulk strength. For
Matches Island, the proportional distance of our results between the
theoretical bounds remains relatively constant with changing
viscosity contrast. However, the proportional distance changes
significantly for Dogleg and Boomerang Islands, approaching the
isostress bound with greater viscosity contrast. A full analysis of the
role of viscosity contrast and its importance relative to phase
abundance and arrangement is beyond the scope of this paper.
Nevertheless, these results imply that the position of true bulk
strength relative to the isostrain-rate and isostress bounds can
depend significantly on phase viscosity contrast.

5. Summary

The Twelve Mile Bay shear zone in southeastern Ontario
accommodated many tens of kilometers of transport of the gran-
ulitic Parry Sound domain over underlying amphibolite facies
domains between ca. 1160 and 1050 Ma, during an episode of
Grenvillian orogenesis. The master shear zone formed in large part
from Parry Sound domain rocks weakened by infiltrated fluid,
metamorphism in the upper amphibolite facies, and interconnec-
tion of meter-scale shear zones. The core of the Twelve Mile Bay
shear zone comprises nearly fully transposed gneiss, but outside
the core numerous protolith relicts exist. Our numerical calcula-
tions, based on naturally occurring meter-scale shear zone geom-
etries, indicate that the core of the Twelve Mile Bay shear zone is
approximately an order of magnitude weaker than the rocks from
which it formed. Moreover, weakening relative to the protolith is
30% or greater several kilometers from the shear zone core.
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